To facilitate the analysis of the cell division control apparatus in Escherichia coli, we studied extragenic suppressor mutatiots of a previously characterized temperature-sensitive division mutation, ftsMl. Cells of strain GiD40 which harbor this mutation were spread on agar plates and incubated at 42°C, and the surviving cells were anijlyzed for the presence of a suppressor muitation. One group of suppressed mutants had acquired a new mutation which, by conjugation, was found to be located in the 30-to 40-min region of the E. coli genetic map. The other group comprised revertants carrying a suppressor which appeared to map between thr and leu. This suppressor gene, called sftA, was cloned with a mini-Mu-derived in vivo cloning system Jy selection for suppression of temperature sensitivity in GD40 cells. Subsequent subcloning of a fragment of the chromosomal DNA from the mini-Mu plasmid into pBR325 resulted in the delineation of the suppressor gene on a 1.8-kilobase XhoI-PvuI fragment. A strain, CV514, which does not express the temperature sensitivity phenotype of theftsM1 mutation, was found to harbor a natural suppressor of this mutation. UV sensitivity, another known phenotype of theftsMl mutation, was also corrected by the presence of the sftA suppressor in the cell. Thus, the characterization of extragenic suppressors may allow the identification of new genes involved in the control of cell division.
Control of cell division in Escherichia coli has been the subject of numerous studies for several years. Among the division mutations examined, sfiA (sulA) andftsZ (.sfiB sulB) have probably received the greatest attention (13, 14, 24, 26) . It is presently believed that, upon induction after UV damage, the sfiA protein is induced and interacts with the ftsZ protein, leading to inhibition of cell division (19, 21, 28) . This division inhibition can be alleviated either by a mutation which inactivates the sfiA gene or one which alters the ftsZ gene, leading to an ftsZ protein no longer responding to the action of the sfiA protein (15, 20, 25) . Following DNA repair, sfiA protein content is rapidly reduced as a result of the proteolytic activity of the Ion protein (6, 7, 29) . The absence of sfiA protein degradation in mutant cells carrying Ion explains why these cells undergo filamentous death following UV irradiation (31) .
Recently, a new type of ftsZ mutation, ftsZ71, has been isolated (1) . Cells bearing this mutation have increased UV sensitivity, are deficient in lysogenization, and filament extensively following a nutritional shift-up, phenotypic expressions which were long ago shown to be present in Ion (18, 33, 34) and, more recently, in ftsM1-carrying mutant cells (10, 11) . ThatftsM is another protein that interacts with the ftsZ protein was suggested by the observation that the phenotypes associated with the ftsZ71 mutation are greatly amplified in the presence of the ftsMi mutation (1) . However, unlike in mutant cells carrying Ion, a mutation that renders the sfiA protein inactive did not suppress theftsMIassociated phenotypes, which was interpreted to indicate that the sfiA andftsMl-mediated division arrests are likely to be the results of separate mechanisms (1, 11 tions located in genes whose products interact physically with the product of the mutant gene being suppressed. The suppression takes place because the altered activity of a protein due to the initial mutation is restored by another mutation in a second protein. We took such an approach to define additional genes that might code for components of E. coli cell division control apparatus. We began by isolating extragenic suppressors of the ftsMI mutation, a temperature-sensitive, conditional, lethal mutation in ftsM (10) . In this paper, we report on the identification and cloning of a new cell division gene.
MATERIALS AND METHODS Bacterial strains and plasmids. The basic E. coli K-12 strain used was AB1157. Relevant genetic characteristics and particulars of strain construction are summarized in Table 1 . Strain BU2243, harboring the "transmid" pRRA101 ( Fig. 1) was generously donated by the late A. I. Bukhari inserted into plasmid pSC101 (5) . Transmid pRRA101 differs from pGC121 in that it carries the origin of replication of plasmid ColEl and the ampicillin and kanamycin resistance markers (Bukhari, personal communication) . It therefore replicates autonomously like any plasmid while being a transducing phage, since it can undergo transposition, replication, and packaging when the missing Mu functions are complemented in trans by a nondefective thermoinducible Mu helper prophage. Details of the mechanism by which the insertion of chromosomal DNA fragments in the transmid occurs can be found in the paper of Groisman et al. (16) .
Cells containing suppressor sftA and which were lysogenic for Mu cts62 were transformed with transmid pRRA101 with selection for ampicillin and tetracycline resistance. After purification, one of the transformants was grown overnight in the presence of the antibiotics. The culture was then diluted at least 100-fold in fresh L broth and grown to a cellular concentration of 108 cells per ml. After heating at 42°C for 30 min, the culture was transferred at 37°C and incubated with brisk aeration until lysis occurred. This usually required 90 min. Even though lysis was rarely complete, titers of 108 PFU/ml were generally obtained, and broth to an optical density at 540 nm of 0.6 were centrifuged, washed, and suspended in a saline solution containing CaCl2 and MgCl2 at concentrations of 10 and 25 mM, respectively. The transmid lysate was then added to the cell suspension to obtain a multiplicity of infection of 0.5. After incubation at 30°C for 30 min, sodium citrate (final coticentration, 20 mM) was added to prevent reinfection of the cells with Mu cts62. The cells were centrifuged, washed with saline, and suspended in Casamino acids broth. To allow for expression of the ampicillin resistance carried by the transmid, the suspension was incubated for 90 min at 30°C with shaking. Samples were plated on ampicillin-containing L agar plates which were incubated at 42°C for 18 h.
Other methods. Methods for handling bacteriophage Mu' and Mu cts62 were as described by Bukhari and Ljungquist (4) . Plasmid DNAs, including the transmid pRRA101, were prepared by the procedure of Clewell and Helinski (8) . Transformation of CaCl2-treated cells was performed by a modification of the method of Mandel and Higa (27) .
Restriction endonucleases (Boehringer Mannheim Biochemicals; Bethesda Research Laboratories, Inc.) and T4 DNA ligase (New England BioLabs, Inc.) were used as recommended by the manufacturers. Subcloning of DNA fragments obtained from transmids was performed in pBR325, and recombinant clones were selected on chloramphenicol-containing plates (20 jig/ml). Rapid screening of plasmid DNA was performed by the method of Birnboim and Doly (2) or that of Holmes and Quigley (17) . Culture media and growth conditions were as described earlier (11) .
RESULTS
Isolation of suppressed mutants. Mutant strain GD40 was grown overnight in Casamino acids broth at 30°C. Samples (0.1 ml) were spread over the surface of brain heart infusion (Difco Laboratories) plates and incubated at 42°C for 18 h. This procedure combined the dual effects of high temperature and nutritional shift-up, which have been shown to cause a greater inhibition of cell division in ftsMI-carrying mutant cells (11) . Colonies of different sizes were obtained. A minority of colonies were large and contained cells which appeared to have a reversion at the original mutation site. These were not studied further. The other colonies were smaller and heterogeneous in size. These contained suppressed mutant cells because, by P1-mediated transduction, 10' to 10-8 recipient cells. Fifty colonies from different transductions were purified by being streaked on the same medium. Twenty-four transductants were found to be both ampicillin and tetracycline resistant, indicating that they had received the original transmid and subsequently had reverted to temperature resistance. The remaining 26 revertants tested were tetracycline sensitive, implying that the portion of DNA in the transmid corresponding to that of plasmid pSC101 had been replaced by chromosomal DNA. Of these tetracycline-sensitive transductants, 19 regained the temperature sensitivity phenotype of GN42 subsequent to curing of the transmid following overnight growth in antibiotic-free medium. The other tetracycline-sensitive transductants remained temperature resistant after curing of the transmid. They were not analyzed further. Figure 2 shows the restriction endonuclease maps of four different transmids carrying suppressors that conferred temperature resistance to cells of GN42. Two of these transmids, pGN420 and pGN435, originated from temperature-resistant revertants GN18R5 and GN13R4, respectively. The other transmids, pGN452 and pGN454, were from strain GN50, an AB1157 derivative in which the chromosomal region between threonine and leucine was replaced by transduction by the corresponding region from strain CV514. Strain GN50, like the donor CV514, did not express the ftsMl mutation (data not shown), and it was postulated that it carried a naturally occurring suppressor of the ftsMi mutation. It can be seen that each transmid harbors fragments of chromosomal DNA (thin lines) which varied from 12 to 15 kilobases (kb). They have a number of common restriction sites, indicating that they originated from the same chromosomal region. Also indicated in Fig. 2 is the region within the different DNA fragments which is shared by all four transmids. It can be seen that the sftA suppressor would be expected to be present in a region of not more than 6.5 kb.
HindlIl and PstI fragments of one of the transmids, pGN435, were ligated into the HindIll and PstI sites, respectively, of plasmid pBR325. Transformation of strain GN42 with these ligation mixtures yielded colonies which were chloramphenicol and temperature resistant and of the same sizes as those of the parental cells. DNAs of two of the recombinant plasmids, designated pGN61 and pGN62, were used for subsequent transformation of strain GD40 to verify the association of the temperature resistance phenotype with the DNA inserts.
To localize sftA within the cloned HindlIl and PstI fragments, each transmid was treated with different restriction enzymes, and fragments were either ligated into the vector pBR322 or simply recircularized and used to transform GD40 cells. The plasmids presented in Fig. 3 were all found to confer temperature resistance to cells of GD40, indicating that the sftA suppressor gene is present in a 1.8-kb XhoIPvul DNA segment.
Properties of the cloned sftA suppressor. As shown above, the sftA suppressor gene was localized in the cloning experiments by its capacity to complement the temperature sensitivity phenotype of the ftsMi mutation. It was also of interest to determine whether it can also suppress UV VOL. 165, 1986 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from Transmid DNA is represented by a heavy line, and chromosomal DNA by a thin line. The region of chromosomal DNA common to all of the transmids is indicated (Pr"). Note that, in the case of pGN454, insertion occurred in the opposite orientation. pGN420 and pGN435 were from the temperature-resistant revertants GN18R5 and GN13R4, respectively. pGN454 and pGN452 were isolated from GN50. Symbols for restriction enzyme sites are the same as in the legend to Fig. 1. sensitivity, another phenotype of the fts GD40 cells harboring plasmid pGN611 we as GN13R4, the suppressed strain, or th (Fig. 4) . In addition, the transient filament readily after a nutritional shift-up and deficiency were all abolished by the pres GD40 cells (data not shown). It can be co that the different phenotypic expression ftsMI mutation are corrected by the clon mutation.
The ftsZ mutation ftsZ71 has the sai those expressed by an lon or the tsMJ rr duction), and the presence of the ftsM. 'MI mutation (11) . ere as UV resistant ie wild-type parent ation which occurs the lysogenization only a 20-fold increase in the survival rate of UV-irradiated cells, indicating an indirect effect of suppressor sftA on the ftsZ71 phenotypes (Fig. 5) . DISCUSSION ence of pGN611 in Two different extragenic suppressors of the ftsMJ allele ncluded, therefore, were identified. One, sftB, was located in the 30-to 40-min rs attributed to the region of the E. coli genetic map. It should be noted that this led sftA suppressor chromosomal region has been shown to contain several division mutations, such as ftsB ftsG (30) , ftsS ftsT (12) , and me phenotypes as sfiC (9) , but whether the sftB suppressor mutation resides in iutation (see Introone of these genes or not was not determined in the present I mutation greatly study. Ilele. The presence Suppressor sftA appears to be closely linked to leu and the mutation allowed adjacent ftsMi mutation by transductional studies. However, we found that suppressor sftA has a positive effect on the transduction rate of the ftsMi mutation, that is, the number offtsMl-carrying transductants was always at least possibility that sftA is located clockwise to leu. Indeed, the restriction endonuclease map of the whole region covering the distance from leu to secA has been determined (22) , and it contains no restriction sites which are common with those of the region surrounding the sftA chromosomal region. The exact location of the sftA suppressor between thr and leu, however, could not be determined for technical reasons.
Suppressor analysis has the potential to uncover new genes affecting the process of interest and to call attention to gments inserted into the possible interaction of particular proteins in vivo (23, 32 (11) and, by itself, it amplifiesftsZ7l expressions. These observations supposed two independent mechanisms for the control offtsZ, an sfiA-dependent mechanism and an ftsMJ-dependent mechanism. This was further suggested in the present study by the observation that a multicopy plasmid specifying the sftA suppressor pGN62 only partially decreased the UV sensitivity phenotypes of ftsZ71-carrying cells, implying that sftA, and probably also sftB, are parts of anftsM-associated complex of interacting molecules.
Suppressor sftA probably identifies a new cell division gene, for no such genes have been found to map in the thr to leu region of the chromosome as yet. The location of the sftB suppressor in the terC region is interesting in view of the coupling between the division cycle and the replication of the E. coli chromosome and the proposal that a replication termination-associated activation of division genes located near terC could be implicated in the triggering of cell division (12) .
Cloning of the sftA suppressor was greatly facilitated by the availability of a highly efficient in vivo cloning system. Division genes have often proved difficult to study, for mutations in these genes often revert at relatively high rates, and gene activities can solely be assessed by the complementation of a conditionally lethal mutation. This is particularly true of the ftsMi mutation which, in addition to giving frequent reversions, has a markedly reduced lysogenization frequency, thus eliminating the possibility of using lambda phages as cloning vectors (11) .
This cloning procedure could be very useful also for the assignment of the physical location of a gene within cloned chromosomal segments. This is exemplified in Fig. 2 , in which it is shown that, had a few more transmids been examined, the location of the sftA suppressor could probably have been delineated to a narrower region of the genomic DNA. This is possible because of the reduced insertion VOL. 165, 1986 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from capacity of these transmids, since the quantity of DNA that can be packaged in a Mu phage head is limited.
